Our results validate the use of independent DFT predicted BE shifts for defect identification and constraining ambient pressure XPS observations for Me-N x moieties in pyrolyzed carbon based ORR electrocatalysts. This supports the understanding of such catalysts as vacancy-and-substitution defects in a graphene-like matrix.
The active site/sites of non-Platinum Group Metal (non-PGM) oxygen reduction reaction (ORR) electrocatalysts have been contentious for the past 50 years. [1] [2] [3] [4] [5] [6] [7] [8] The continued interest in pyrolyzed macrocycles (porphyrins or phthalocyanines) or other nitrogen-containing electrocatalysts is largely motivated by the need to find cost-effective and efficient material solutions for replacing Pt in polymer electrolyte membrane (PEM) fuel cells. 1, 2, 5, [9] [10] [11] [12] [13] [14] [15] X-ray Photoelectron Spectroscopy (XPS) has been the main surface analysis method for determining the chemical environment and coordination of nitrogen and transition metal (Me) in the electrocatalyst. 1, 3, 5, 6, 9, 13, [15] [16] [17] [18] [19] [20] Even though there is an agreement that Me-N x may serve as one of the possible active sites in ORR, the distribution of Me-N 2 vs. Me-N 4 centers and their specific role still remain unresolved. XPS which heavily relies on use of reference spectra in accurate identification of species cannot address this issue directly as no reference compounds with Me-N 2 moieties are available. Identification of the chemical species from XPS spectra generally involves peak deconvolution through curve-fitting. The assignment of peaks and nitrogen coordination are not straightforward due to overlapping peaks that appear within a narrow energy window of 2.5 eV and the ''full-width-half-maximum'' (fwhm) for individual species is on the order of 1.2-1.5 eV. [21] [22] [23] [24] Moreover, the majority of XPS studies use internal carbon for charge calibration of the spectra, while C 1s may have maximum at various binding energies (BEs), from 284 to 285.6 eV, depending on relative amounts of carbides, graphitic, aliphatic and oxygenated types of carbon present.
Using C 1s as internal calibration standard may result in as large as 1 eV difference in calibration shift as compared to using Au 4f. The difference between positions of pyrrolic and pyridinic N is also about 1 eV. Using C as internal calibration standard, thus, may cause misidentification of N species and thus, may result in significant differences in the derived relative distribution of the pyrrolic vs. pyridinic type of N.
In order to address all of these complicating issues in obtaining accurate information on N speciation in Me-nitrogencarbon (Me-N-C) oxygen reduction catalysts, we are employing (1) accurate charge correction of the spectra using a Au 4f line for each individual sample analysed, (2) DFT calculations of binding energy shifts of N 1s spectra, (3) comparison and evaluation of DFT predicted BE shifts to experimentally curve-fitted spectra of model compounds and finally (4) using the information obtained from DFT calculations as input for curve-fitting of in situ XPS spectra for distinguishing Me-N 2 versus Me-N 4 species in reducing versus oxidizing atmospheres.
All catalysts presented in this work were synthesized using a modified sacrificial silica support method. 18 Wet impregnation of precursors (such as H 2 and Co porphyrins and Co phenanthroline) onto the surface of fumed silica (Cab-O-Sil TM EH-5, surface area: B400 m 2 g À1 ) was implemented. The solid was ground to a fine powder and subjected to heat treatment in a N 2 atmosphere at 800 1C for 3 h. Finally, the silica was leached out by means of an excess amount of 20 wt% of HF for 24 h and the resulting powder was washed with DI water until neutral reaction.
Conventional XPS spectra were acquired on a Kratos Axis Ultra spectrometer using a Al Ka monochromatic source. 99% pure Au powder was mounted on each sample and the Au 4f spectrum was used for charge calibration of spectra. Ambient pressure XPS experiments were carried out at ISISS (Innovative Station for In Situ Spectroscopy), the catalysis beamline of the Fritz Haber Institute at the 3rd generation synchrotron BESSY II (Helmholtz-Zentrum Berlin). The sample was mounted, chamber evacuated, heated to 60 1C, and survey and detailed scans were first acquired. The sample was then exposed to 1 : 4 O 2 : H 2 O at 0.5 mbar and further high resolution scans were acquired. Ambient pressure X-ray photoelectron spectra were calibrated by the Fermi edge acquired for each element. Table 1 shows N 1s speciation results for the set of standards and metal-free and metal-containing Me-N-C electrocatalysts acquired using a conventional UHV XPS instrument. The binding energies of pure pyridinic and pure pyrrolic peaks are well within agreement with databases, 398.8 eV and 400.7 eV, respectively. 25 Pyrolyzed H 2 TPP, which is a metal-less porphyrin-based macrocycle, has dominating peaks due to pyrrolic N and pyridinic N, amine and graphitic N. Two-metal containing samples, one based on Co-porphyrin, CoTPP, and another based on pyrolization of a mixture of bipyridine (as a source of N and C) and Fe acetate (as a metal source) have a peak at 399.8 eV which can be identified as nitrogen associated with a metal. The experimental shift observed for nitrogen when it is bound to metal, thus, is B1 eV with respect to the position of N in a pyridinic environment (398.8 eV).
There are only a few studies reporting density-functionaltheory (DFT) calculations of BEs due to challenges that are associated with the treatment of core electrons and the steep and poorly screened Coulomb potential near the nucleus. 26, 27 Furthermore, pseudopotential based approaches dispense the core electrons and no knowledge of the inner electrons is usually retained. In contrast all-electron like PAW potentials retain orbital information of the core electrons, which is needed to compute properties such as the BE's of core electrons. While PAW potentials at least contain information about the core electrons the steep Coulomb potential remains a challenge. Our proposed solution to these challenges is to compare BE in the system of interest to a reference system that is accessible both in experiment and theory. Therefore we focus on BE shifts rather than BE's themselves. DFT calculations are being carried out as periodical solutions on graphene-like structures (infinite 2D C sheets), in which N and Me are introduced as substitution defects (see Fig. 2 ).
All DFT computations were carried out using VASP 28 at the GGA level using a periodic 3-d planewave simulation cell. The carbon support was modelled as a graphene sheet that contained 32 atoms. Interactions between valence electrons and nuclei are described with all-electron like PAW potentials. 29 Spurious interactions between the modelled sheet and its periodic images perpendicular to the sheet were eliminated by introducing a 14 Å thick vacuum layer and by applying a dipole correction to the total energy. Core electron binding energies were calculated for the N 1s core state in the final state approximation. In order to obtain converged BEs from the computations, successively larger k-point grids up to 12 Â 12 Â 1 were chosen until converged BE differences between a reference material and the system of interest were obtained. The binding energy was determined as BE = BE(N 1s) À E F , where BE(N 1s) is the ab initio computed BE and EF is the corresponding Fermi energy. Table 2 reports values of BE shift calculated for N in Co environments as shown in Fig. 2 and compares it with N 1s experimental values in Table 1 . The average experimental BE shift reported for nitrogen bound to metal is very close to shifts calculated for three types of N environments as shown in Fig. 2 .
Peaks due to Me-N 2 and Me-N 4 will result in significant overlap as the difference in their position with respect to the position of pyridinic N is only 0.3 eV. Spectra acquired using synchrotron sources, however, have sufficient spectral resolution to deconvolve such closely overlapped peaks. Information obtained from DFT calculations can be used as input for determining BE shifts. Moreover, ambient pressure XPS using a synchrotron source allows for in situ analysis of electrocatalysts exposed to an oxidizing atmosphere at high temperatures providing information that is critical for identifying electro-catalytically active defect motifs. Fig. 3 shows APXPS spectra of Co-phenanthroline electrocatalysts acquired under vacuum (a) versus those in an oxygenwater atmosphere at 60 1C (b). The spectra were curve fitted by fixing the positions of Co-N 4 and Co-N 2 with respect to pyridinic N as calculated by DFT ( Table 2) graphitic N were constrained to positions as determined in Fig. 1 . It is obvious that the largest changes in the spectra when transferred from a reducing to an oxidizing atmosphere are in the range of BE's where nitrogen is bound to metal. The ratio of Co-N 4 /Co-N 2 changes from 0.5 under vacuum to 2 in the presence of O 2 /H 2 O. This indicates that there is rearrangement of Co-N x centers when material is being exposed to an oxidizing atmosphere. It may indicate that the presence of water and/or oxygen stabilizes Co-N 4 centers. DFT calculations have indeed shown that Co-N 4 centers are energetically more favorable for binding of oxygen than Co-N 2 centers. 30 Our results validate for the first time the use of independent DFT predicted BE shifts for defect identification and constraining XPS observations for Me-N x moieties in pyrolyzed carbon based ORR electrocatalysts. This supports the understanding of such catalysts as vacancy-and-substitution defects in a graphenelike matrix. Through careful spectra calibration and accurate DFT calculations of BE shifts for Me-nitrogen it is possible to highly reduce or eliminate the effect of the steep Coulomb potential on BE shifts. Therefore the synergy of experiment and theory allows extracting critical information from in situ high resolution N 1s spectra, which is needed for the determination of geometry and abundance of ORR active sites in an oxidizing atmosphere, which is critical information that must be evaluated against electrochemical activity for ORRs.
